Based on the DNA sequences of bla EM and blaTEMZ, which encode parental penicillinases TEM-1 and TEM-2, respectively, and of blaTEM3, blaTEM-4 blaTEMS, blaTEM46, and blaTEM-79 which encode extendedspectrum 3-lactamases, we designed heptadecanucleotides to discriminate point mutations in five loci. Determination of the hybridization profiles by colony hybridization with this selection of probes, termed "oligotyping," allowed characterization of the TEM variants present in 265 clinical isolates of the family Enterobacteriaceae that exhibit synergism between a peniciflinase inhibitor and broad-spectrum cephalosporins. Among the 222 strains harboring TEM enzymes, Klebsiella pneumoniae (48%) and Escherichia coli (21%) were predominant, and TEM-3 was the most common enzyme (60%). Penicillinases TEM-1 and TEM-2 were detected alone (15 and 1%, respectively), combined (1%), or associated with another TEM P-lactamase (17 and 6%, respectively). Fourteen variants, including seven new enzymes, were detected. One, TEM-13, was a new penicillinase with the same isoelectric point and substrate range as TEM-2 but differed by a single amino acid substitution, whereas the others, TEM-14 to TEM-19, were extended-spectrum ,I-lactamases that consisted of novel combinations of known amino acid substitutions. Different TEM variants were found to coexist within the same cells. A patient could harbor two or three different strains that encoded the same enzyme or two indistinguishable isolates that produced distinct TEM 13-lactamases.
3-Lactams constitute one of the most important families of antibiotics, but resistance to these drugs has emerged following their wide use in therapy. Gram-negative bacteria are most often resistant as a result of their production of ,B-lactamases (17) , and numerous enzymes that differ in their substrate ranges have been described (34) . The utilization of 3-lactams resistant to hydrolysis by penicillinases, such as broad-spectrum cephalosporins, led to the selection of new enzymes. In 1983, 5 years after the introduction of this class of drugs in Europe, Knothe et al. (13) reported transferable resistance to cefotaxime in clinical isolates of Klebsiella pneumoniae and Serratia marcescens. Biochemical and DNA-DNA hybridization studies (12) indicated that the enzyme responsible for this new resistance phenotype was closely related to SHV-1 penicillinase and was designated SHV-2. Starting in 1984, nosocomial outbreaks of multiresistant members of the family Enterobacteriaceae highly resistant to cefotaxime and ceftazidime occurred in French hospitals (4, 11, 27, 28) . Resistance was due to a new, plasmid-mediated, extended-spectrum ,B-lactamase named CTX-1 (27) . Molecular analysis (30) and nucleotide sequence determination (29) of blaTEM-3, the structural gene for the enzyme, indicated that the P-lactamase was a double point mutation of TEM-2 penicillinase and was therefore redesignated TEM-3 (30) . Since then, similar enzymes of either the SHV type (5, 9) or the TEM type (3, 8, 22, 24) have been detected among members of the family Enterobacteriaceae. The epidemic aspect of this resistance, the fact that it involves recent cephalosporins and monobactams, and the mechanism of substrate range expansion by point mutations in well-known penicillinases prompted us to study the distribution of TEM P-lactamases in strains of enterobacteria and to develop techniques for the rapid detection and characterization of new variants.
Detection of extended-spectrum TEM enzymes in clinical isolates is conveniently achieved by testing synergy between P-lactamase inhibitors, such as clavulanic acid, and broadspectrum cephalosporins by the disk-agar diffusion method. However, detailed characterization of the variant enzymes is difficult. Isoelectric focusing is inadequate since the same pl value can correspond to different TEM P-lactamases (Table   1) . DNA hybridization with a specific blaTEM-1 probe is inappropriate because of cross-hybridization between blaTEM mutants and also because the same isolate can harbor more than one TEM enzyme (22) ; the same restriction applies to immunological reactions with anti-TEM-1 and -TEM-2 sera (21) . Therefore for the discrimination of blaTEM variants, we developed "oligotyping," which consists of the detection of point mutations with oligonucleotide probes. This method, which was first used for TEM-1 and TEM-2 (19), was performed on a collection of 265 clinical isolates of enterobacteria exhibiting synergism between clavulanic acid and a broad-spectrum cephalosporin. We were able to characterize 14 (24) , pIFl00 (blaTEM7 Ak' Gmr Sur Tcr) (7) , p453 (blaSHV-l Cmr Smr Sur Tcr) (14) , and pLQ26 ,(blaOXA-l Smr Spr Sur) (18) . Clinical isolates or transconjugants harboring blaTEM-8, blaTEM-9, blaTEM11, or blaTEM12 were also included ( (33); primer C is identical to the leading strand; primer H and all probes are identical to the lagging strand. Designation of the probes refers to the substituted amino acid in the TEM enzyme; numbers indicate the position of the amino acid in the premature protein according to Sutcliffe (33) . The 17-mers are centered on positions where mutations (underlined) lead to the amino acid substitutions indicated under the sequence (Table 3) . VOL. 34, 1990 encompasses the HincII-BgIl fragment that is generally used as a probe for blaTEM genes. The amplified DNA was electrophoresed in 0.8%, low-temperature-gelling agarose type VII (Sigma, St. Louis, Mo.) and purified as described previously (16) .
DNA-DNA hybridization. Plasmid pUC18 DNA and the polymerase chain reaction-generated bIaTEM-1 internal fragment were labeled with [a-32P]dCTP (3000 Ci/mmol) by nick translation (16) . Oligonucleotide probes (5 pmol) were 32p
end-labeled by using T4 polynucleotide kinase and 5'-Ly-32p] ATP (5,000 Ci/mmol) for 30 min. Colony hybridization was performed as follows. Nylon filters (7.5 by 11.5 cm) (NY N13; Schleicher and Schuell Co., Dassel, Federal Republic of Germany) were placed on Mueller-Hinton agar in MA 1701 R plates (Dynatech Co., Chantilly, Va.) containing ampicillin (100 ,ugIml) and inoculated with 9-h broth cultures by using a 96-tip M 391 manual inoculator (Dynatech Co.). After 14 h of incubation, colonies were lysed and DNA was fixed on filters as described previously (16) . Hybridization with plasmid and fragment probe DNA was done under stringent conditions in 6x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate [pH 7.0])-0.7% nonfat dry milk at 65°C overnight. Washings were done twice for 30 min each time at room temperature in 2x SSC-0.25% nonfat dry milk-0.1% sodium dodecyl sulfate buffer and twice for 1 h each time at 70°C in 0.1 x SSC-0.1% sodium dodecyl sulfate (10) . Hybridization with oligonucleotides under relaxed conditions was performed simultaneously on duplicate filters for 3 h at 37°C in 6x SSC-0.7% nonfat dry milk. Washings were done under conditions that differentiated point mutations (37): twice for 5 min each time and then twice for 30 min each time at 4°C in Sx SSC, 15 min at 37°C in 3 M tetramethylammonium chloride-50 mM Tris hydrochloride (pH 8.0)-2 mM EDTA-1 mg of sodium dodecyl sulfate per ml, and a minimum of 10 min at 51 to 52°C in the same solution until positive and negative control dots were as expected by using a Geiger-Muller counter. Autoradiography on RX films (Fuji Co., Tokyo, Japan) was performed at -20QC overnight or longer if necessary. Region 236 appeared to be difficult to study. If the Thr-235-Lys-237 probe, which was intended to detect two point mutations in the 17-bp region, gave the expected results, the Gly-236 and Ser-236 probes tended to cross-hybridize, probably because of their high G+C content (70 and 65%, respectively) or because of homology with an unknown DNA region. This problem was solved by washing the filters in 6x SSC, three times for 5 min each time at 4°C, once for 15 min at room temperature, and several times for 10 min each time at 60°C. Isoelectric focusing. Analytical isoelectric focusing was performed in precast polyacrylamide gels (pH 5.0 to 8.0) by using a Pharmacia (Uppsala, Sweden) PhastSystem apparatus according to the instructions of the manufacturer. Enzymes TEM-1, TEM-2, TEM-3, and TEM-4 were used as standards for pl determinations. 3-Lactamase activity was revealed with a 0.5-mglml solution of nitrocefin (Glaxo, Greenford, United Kingdom).
Enzymes and chemicals. T4 polynucleotide kinase was purchased from Amersham International (Amersham, England), lysozyme was purchased from Sigma, and Taq polymerase was purchased from Perkin Elmer-Cetus (Norwalk, Conn.). The nick translation kit was from Bethesda Research Laboratories. Radionucleotides were from Amersham International. Tetramethylammonium chloride was from Aldrich (St. Louis, Mo.).
RESULTS
Design of oligonucleotides and oligotyping. Plasmid-mediated penicillinases TEM-1 and TEM-2 can be discriminated by their pls, 5.4 and 5.6, respectively, a difference which results from an amino acid substitution at position 37 of the premature protein (according to the numbering of Sutcliffe [33] ); TEM-1 has a glutamine, whereas TEM-2 has a lysine, following a transversion from a cytosine to an adenine at nucleotide position 317 (6) . In clinical isolates, detection of each alternative base at this locus can be achieved by colony hybridization by using two oligonucleotide probes complementary to either sequence (20) . The sequences of structural genes blaTEM-3, bIaTEM-4, blaTEM-5, blaTEM-6, and blaTEM-7 for TEM extended-spectrum P-lactamases have been determined previously (7, 29, 31 ; S. Goussard, W. Sougakoff, C. Mabilat, A. Bauernfeind, and P. Courvalin, unpublished data). The genes possess point mutations which either are silent or can result in amino acid substitutions. Certain substitutions have no consequence on the enzymatic activity, whereas others, such as lysine at position 102, serine at position 162, serine at position 236, and the doublet threonine-lysine at positions 235 and 237, respectively, extend the substrate range (7, 29, 31) . Positions differentiating TEM-1, TEM-2, TEM-3, TEM-4, TEM-5, TEM-6, and TEM-7 were selected for this study (Table 3) , and the corresponding oligonucleotides were synthesized ( Table 2 ). The probes were 17 bases long and centered on the mismatch, a feature which generates the greatest destabilizing effect (36) . Lack of homology of the oligonucleotides with other genomic regions of members of the family Enterobacteriaceae was tested by comparison with the nucleotide sequence data of GenBank. Study of a gene for a point mutant enzyme by using the selection of probes (Table 2 ) yielded a hybridization profile that we termed oligotype. For example, the oligotype of blaTEM-1 was Gln-37+, Lys-37-, Glu-102+, Lys-102-, Arg-162+, His-162-, Ser-162-, Gly-236+, Ser-236-, Thr-235-Lys-237-, Thr-261+, and Met-261-. Combination of the oligotypes of the genes for two TEM-derived enzymes in the same isolate resulted in a profile which allowed us to detect them. Characterization of three coresident enzymes is possible except if two of the TEM variants differ at a single position, e.g., TEM-1 and TEM-2, TEM-3 and TEM-14, TEM-3 and TEM-15, TEM-4 and TEM-15, TEM-6 and TEM-16, TEM-7 and TEM-12, and TEM-17 and TEM-18. Thus, TEM-1+TEM-2+TEM-3 is interpreted as TEM-1+TEM-3 (Table 3 ). This technical limitation can lead to underestimation of the prevalence of certain enzymes. A new variant is detected when the oligotype obtained differs from the expected mutation combinations. The following two possibilities exist: (i) the mutation corresponds to a new combination of known mutations, e.g., TEM-7 has a lysine at position 37 like TEM-2 and a serine at position 162 like TEM-5, or (ii) the mutation, because of an as yet undetected substitution, has no homology with known alternatives at a given locus. This mutation may be responsible for an amino acid change or may be silent. Variants escaped detection if mutations occurred in nonprobed loci.
The oligotyping method consists of a series of hybridizations with three types of probes: (i) plasmid pUC18 which contains, in addition to blaTEM-1, a DNA fragment encoding the first 146 amino acids of the ,-galactosidase that is present in the majority of the Enterobacteriaceae, to test for the presence of target DNA on the filter, (ii) the blaTEM1 internal probe to detect the presence of a blaTEM gene(s), (33) . Residues involved in the extension of the substrate range are indicated in italics. The enzymatic consequence of the His-162 substitution is not known. d The double mutation responsible for two amino acid substitutions was Ala for Thr at position 235 and Glu for Lys at position 237. This combination was considered as a single entity. and (iii) the selection of 12 oligonucleotides to characterize the mutant blaTEM derivatives.
Detection of TEM enzymes by oligotyping and comparison with isoelectric focusing. In order to validate the oligotyping method, probes were hybridized to DNA of reference strains harboring TEM, OXA, and SHV enzymes or no P-lactamase (see Materials and Methods). A perfect correlation was found between the predicted and the observed oligotypes of blaTEM-1 to blaTEM-5 and blaTEM-7 (Table 3) . No hybridization was observed with strains that encoded OXA-1 and SHV-1 1-lactamases or that were devoid of enzyme. Twenty-four isolates belonging to five species (1 Enterobacter aerogenes, 1 Enterobacter cloacae, 2 Escherichia coli, 19 Klebsiella pneumoniae, and 1 Serratia marcescens) that have already been tested by isoelectric focusing for the presence of P-lactamases (and containing TEM-2, TEM-3, TEM-2 plus TEM-3, or SHV-2; A. Philippon, unpublished data) were studied by oligotyping. The results obtained by the two techniques were identical, as was found in a previous study that tested the locus that discriminates between TEM-1 and TEM-2 (20) .
Distribution of TEM enzymes in the Enterobacteriaceae. The oligotypes of the 265 strains collected were determined. Forty-three strains did not produce a TEM enzyme. Among the 222 (considered as 100%) remaining strains (Table 4) , penicillinases TEM-1 and TEM-2 were detected alone (15 and 1%, respectively) combined (1%), or associated with an extended-spectrum TEM variant (17 and 6%, respectively).
Strains that did not produce a TEM enzyme or that encoded TEM-1, TEM-2, or both must harbor another extendedspectrum enzyme, presumably of the SHV type, since the strains were collected on the basis of synergy between clavulanic acid and broad-spectrum cephalosporins. Detection of the gene for SHV enzymes by hybridization is difficult since nearly all Klebsiella pneumoniae encode SHV-1 or its putative chromosomal ancestor LEN-1 (2). Therefore, restriction fragment probes for genes encoding SHV-type enzymes would cross-hybridize.
The remaining 183 (82%) strains produced a TEM enzyme with an extended spectrum that was sometimes associated with a TEM-1 or TEM-2 penicillinase. As already reported (27) , the most common species were Klebsiella pneumoniae (96 strains, 43%) and Escherichia coli (30 strains, 13%). The distributions of enzymes in various bacterial species are indicated in Table 4 . TEM-3 was found in 133 (60%) isolates belonging to 13 species isolated in various parts of France but not in other countries. The other TEM enzymes were less common. TEM-4 was associated with TEM-3 in a strain of Enterobacter cloacae. TEM-5 and TEM-7 were not detected. TEM-6 and TEM-8 were present in Escherichia coli and Klebsiella pneumoniae isolates, respectively, originating from different geographical areas than the reference strains. TEM-9 (RHH-1), which was first described in Great Britain (32), was not found. Certain oligotypes could not be assigned to a known enzyme and corresponded to new variants (Table 3 ). Ten genes were characterized. Three The isoelectric points of the new variants are indicated. C TEM-1 was found in Citrobacterfreundii (n = 1), Enterobacter cloacae (n = 2), Escherichia coli (n = 19), Klebsiella pneumoniae (n = 10), Serratia marcescens (n = 2), and Salmonella typhimurium (n = 1). d TEM-3 was found in Citrobacter freundii (n = 1), Enterobacter aerogenes (n = 3), Enterobacter cloacae (n = 7), Escherichia coli (n = 15), Klebsiella oxytoca (n = 5), Klebsiella pneumoniae (n = 29), Proteus morganii (n = 1), Salmonella enterica serotype Kedougou (n = 1), Serratia marcescens (n = 2), nontypeable Salmonella (n = 3), and Salmonella typhimurium (n = 1).
eTEM-1 + TEM-3 were found in Citrobacter diversus (n = 1), Enterobacter agglomerans (n = 1), Escherichia coli (n = 4), and Klebsiella pneumoniae (n = 23).
f Reference strains (3, 32 Table 4 ).
An advantage of the oligotyping method is the ability to detect genes encoding enzymes even when they are phenotypically masked by the presence of another P-lactamase.
For example, the chromosomal cephalosporinase hyperproduced in certain isolates of Citrobacterfreundii, Enterobacter aerogenes, Enterobacter agglomerans, Enterobacter cloacae, and Escherichia coli did not preclude the detection of blaTEM genes for extended-spectrum enzymes TEM-3, TEM-4, TEM-8, and TEM-12 (data not shown).
DISCUSSION
Until now, the distribution of TEM P-lactamases in gramnegative bacteria has been studied essentially by isoelectric focusing, determination of enzymatic substrate profiles, and determination of the effect of penicillinase inhibitors (17) . We developed oligotyping, a fast and sensitive method, to reveal and characterize TEM isozymes in large numbers of clinical isolates. The technique consists of the detection, by colony hybridization with oligonucleotide probes, of point mutations in the structural genes for the enzymes. The heptadecanucleotides (Table 2 ) were designed to screen for base substitutions at five loci of the blaTEM structural genes, and the technique was applied to 265 clinical isolates of members of the family Enterobacteriaceae that were resistant to 13-lactams (Table 4) . Direct sequencing of amplified blaTEM 6, blaTEM-8, and blaTEM ggenes confirmed the results obtained by oligotyping (15; Goussard et al., unpublished data).
The prevalence of penicillinases TEM-1 and TEM-2 among the 222 strains that produced TEM P-lactamases was similar to that reported by Ouellette et al. (19) ; TEM-1 alone was the most frequent (15%) and was found in every species studied, whereas TEM-2 alone was rare (1%) and was present only in Enterobacter cloacae and Serratia marces- cens. The association of TEM-1 and TEM-2 was also rare (<1%) and occurred only in Enterobacter cloacae. Our study confirmed that TEM-3 is the most common enzyme (28) ; it was detected in every source of strains obtained in France and in 13 bacterial species. Spread of this P-lactamase is due to both bacterial (28) and plasmid (23) epidemics. The already described variants TEM-4, TEM-5, and TEM-7 (Table 1) either remained confined to their original location or were not detected (Table 4) . Genes encoding TEM-9 to TEM-19 were found at a single site. Enzymes TEM-6 and TEM-8 were detected in two hospitals.
It has been demonstrated that extended-spectrum mutants can be selected in vitro from penicillinases TEM-1 and TEM-2 (8, 30) , and the natural derivative TEM-7 has a single amino acid substitution at position 162 (8) . We detected variants that also possessed a single mutation, expanding the substrate range: Lys-102 in TEM-17 and TEM-18, Ser-162 in TEM-12 (TEM-101), and Ser-236 in TEM-19. Furthermore, TEM-17 and TEM-18 differed only at position 37, which indicates their derivation from TEM-1 and TEM-2, respectively. The occurrence in different geographical areas of point mutation alleles indicated that they result from independent genetic events.
Variants with two or three mutations responsible for the enlargement of the enzymatic spectrum could result from sequential mutations. Evidence has been provided for successive isolation, from the same patient, of a strain with an increased resistance toward broad-spectrum cephalosporins that correlated with a change in the pI of the TEM enzyme involved (35) . In addition, variants with several mutations are rare and apparently remain confined to their site of isolation: TEM-9 in Great Britain, TEM-11 in Belgium, and TEM-14 and TEM-15 in France. The new TEM enzymes detected in this study were 
